Glaciers in the European Alps began to retreat abruptly from their mid-19th century maximum, marking what appeared to be the end of the Little Ice Age. Alpine temperature and precipitation records suggest that glaciers should instead have continued to grow until circa 1910. Radiative forcing by increasing deposition of industrial black carbon to snow may represent the driver of the abrupt glacier retreats in the Alps that began in the mid-19th century. Ice cores indicate that black carbon concentrations increased abruptly in the mid-19th century and largely continued to increase into the 20th century, consistent with known increases in black carbon emissions from the industrialization of Western Europe. Inferred annual surface radiative forcings increased stepwise to 13-17 W·m −2 between 1850 and 1880, and to 9- etween the end of the 13th and the middle of the 19th centuries, glaciers in the European Alps were considerably larger than at present (1). Beginning around 1865, however, glaciers across the Alps retreated rapidly to lengths generally shorter than in the known range of the previous 500 y (1), continuing to present day with interruptions by only minor advances (Fig. 1) . This relatively abrupt retreat from the mid-19th century maximum is often considered by glaciologists to be the end of the Little Ice Age (LIA) (1-3).
Glaciers in the European Alps began to retreat abruptly from their mid-19th century maximum, marking what appeared to be the end of the Little Ice Age. Alpine temperature and precipitation records suggest that glaciers should instead have continued to grow until circa 1910. Radiative forcing by increasing deposition of industrial black carbon to snow may represent the driver of the abrupt glacier retreats in the Alps that began in the mid-19th century. Ice cores indicate that black carbon concentrations increased abruptly in the mid-19th century and largely continued to increase into the 20th century, consistent with known increases in black carbon emissions from the industrialization of Western Europe. Inferred annual surface radiative forcings increased stepwise to 13-17 W·m −2 between 1850 and 1880, and to 9-22 W·m aerosol | cryosphere | albedo | climate B etween the end of the 13th and the middle of the 19th centuries, glaciers in the European Alps were considerably larger than at present (1) . Beginning around 1865, however, glaciers across the Alps retreated rapidly to lengths generally shorter than in the known range of the previous 500 y (1), continuing to present day with interruptions by only minor advances (Fig. 1 ). This relatively abrupt retreat from the mid-19th century maximum is often considered by glaciologists to be the end of the Little Ice Age (LIA) (1) (2) (3) .
Glaciologists have conjectured that increasing temperatures (4) and decreasing precipitation (2) caused the rapid observed retreat of glaciers throughout the Alps in the second half of the 19th century. However, such scenarios are inconsistent with temperature records and climate proxies for the Alps (5, 6) . During the latter half of the 19th century and early 20th century, when glaciers were retreating rapidly, temperatures in the Alpine region were apparently cooler than in the late 18th to early 19th centuries ( Fig. 2) and precipitation was largely unchanged (5-7). Glaciers subject to these climate forcings alone would have had positive mass balance and advanced (8) , rather than retreated, as observed.
The density of temperature and precipitation observations in the Alps before 1800 was less than one-third that after 1860, by which time the density reached near its current level (5) . Nevertheless, with our current knowledge of the Alpine climate, climatologists consider the climatic end of the LIA to have come markedly later than the glaciological end, resulting in a paradox (2).
Simulations of glacier-length variations using glacier flow and mass balance models forced with instrumental and proxy temperature and precipitation fail to match the timing and magnitude of the observed late 19th century retreat (8) (9) (10) (11) (12) . Matches between simulations and observations have only been achieved when additional glacier mass loss is imposed after 1865, or when precipitation signals are generated that would fit the glacier retreat rather than using actual precipitation records (8, 10, 12, 13) . Therefore, explaining the glacier retreat with climatic variables requires climate forcings that are inconsistent with the observations and reconstructions.
Huybrechts et al. (10) wrote plainly to the LIA discrepancy between glaciers and climate when modeling the glacier-length record of the Glacier d'Argentiere: "Forcing the mass balance history [with summer and mean annual temperature anomalies] brought to light, that, in particular, the observed glacier retreat since about 1850 is not fully understood. This result and the improved model simulations that could be obtained while assuming an additional negative mass balance perturbation during roughly the last 150 y, seems to point to additional features affecting the glacier's mass balance that are not captured well in the ambient climatic records" [italics added for emphasis] (10). In other words, Huybrechts et al. (10) suggest that some forcing beyond changes in temperature and precipitation was driving a large part of the negative mass balance.
Glacier mass balance is controlled by accumulation at higher elevations and ablation at lower elevations. In each year, glacier melt increases dramatically when snow cover melts completely, exposing the darker glacier ice to markedly increased energy fluxes. Therefore, any forcing that removes snow cover earlier in
Significance
The end of the Little Ice Age in the European Alps has long been a paradox to glaciology and climatology. Glaciers in the Alps began to retreat abruptly in the mid-19th century, but reconstructions of temperature and precipitation indicate that glaciers should have instead advanced into the 20th century. We observe that industrial black carbon in snow began to increase markedly in the mid-19th century and show with simulations that the associated increases in absorbed sunlight by black carbon in snow and snowmelt were of sufficient magnitude to cause this scale of glacier retreat. This hypothesis offers a physically based explanation for the glacier retreat that maintains consistency with the temperature and precipitation reconstructions. the melt season will generally increase glacier melt and result in glacier retreat, reinforced by advected energy fluxes from recently exposed bare ground (14, 15) . As indicated by Huybrechts et al. (10) and many others, our best understanding of changes in temperature and precipitation in the 19th century indicates that there was no regional climatic anomaly coincident with the coherent retreat of glaciers in the Alps near 1865. However, a known transition did occur across that half century and into the 20th century that may have held powerful potential consequences for absorption of solar radiation, earlier melt of snow cover and, in turn, the retreat of glaciers. That transition was the dramatic rise in a byproduct of industrialization: black carbon (BC).
Here we present the evidence and hypothesis that the rise in BC loading that began in the mid-19th century and its general increase to the mid-20th century increased the absorption of solar radiation by snow, caused earlier exposure of glacier ice and, in turn, increased mass losses and retreat of glaciers in the Alps.
Records of Black Carbon in Ice
BC and mineral dust can significantly reduce albedo of snow and ice through strong absorption of sunlight in the visible wavelengths (and at higher concentrations out into the near-infrared) (16) and, therefore, significantly affect glacier mass balance and regional to global climate (17) (18) (19) . BC is now considered to be the second most potent climate warmer behind carbon dioxide (20, 21) . In exposed settings, such as glaciers, net solar radiation accounts for the vast majority of the energy available for melt (19, 22) . The increase in absorbed solar energy by BC in snow is usually greater than the reduction in absorbed solar energy by snow resulting from atmospheric BC+organic carbon (the component of carbonaceous aerosols that only weakly absorbs light) dimming (23), particularly (26) and Colle Gnifetti ice core (27) , and estimated BC emissions for Europe (24) and for France, Switzerland, Germany, and Italy (25) .
in ablation zones where deposited particles can influence radiation for months beyond deposition. Moreover, although atmospheric BC can reduce at-surface irradiance, atmospheric heating by BC absorption ultimately warms the surface through sensible and latent heating exchanges (21) .
The Industrial Revolution in Western Europe led to an increase in emissions of BC and other carbonaceous aerosols, starting in Great Britain in the mid-18th century, spreading to France in the early 19th century, and then to Germany and much of the rest of Western Europe by the mid-19th century (24) . Estimates of historical emissions for Europe show that BC emissions increased dramatically after 1850 and did not decrease significantly until after 1970 (24) (Fig. 2) . In particular, the Alps were surrounded by areas of intensive industrialization and BC emissions (24, 25) . Ice cores extracted at high elevations in the European Alps (25) (26) (27) (28) similarly reflect these increased emissions from Europe, with increased BC concentrations beginning between 1850 and 1870 and general increases thereafter until well into the 20th century (Fig. 2) . It is these increases in BC concentrations and the associated radiative forcing in the snow and ice that may represent the additional energy required for the distinct retreat that began around 1865.
Summertime BC loading to the Colle Gnifetti glacier saddle (CG, elevation 4,455 m) on Monte Rosa in the Swiss-Italian Alps stepwise jumped from ∼7 μg·kg −1 before 1850 to ∼14 μg·kg −1 in the range 1850-1870, and maintained a general increase into the late 20th century (27) , with a spike in the 1880s. Given that emissions were likely greater in winter/spring because of seasonal heating needs, the absolute magnitudes of BC deposition at the CG site should have been greater than the summertime values reported here.
Similarly, BC concentrations at the Fiescherhorn Glacier ice core site (FH, elevation 3,900 m), in the interior Swiss Alps, began to increase from a background of 3-4 μg·kg −1 around 1860-1870 and more than doubled to ∼20 μg·kg −1 by 1880 (26). Concentrations roughly plateaued from then until the 1920s, when they dropped and then increased to ∼30 μg·kg −1 by the 1940s (26).
Legrand et al. (28) suggest from analysis of the Col du Dome ice core (elevation 4,250 m on Mont Blanc, western end of the Alps) that BC did not increase until the 1930s (28) . However, this core is markedly shorter than the CG or FH cores, reaching only back to ∼1900 (28, 29) . If one analyzed the CG and FH only from 1900 forward, those records would similarly suggest that an increase only began after World War II (25) (26) (27) , yet the full temporal record shows a plateau across the first half of the 20th century that lies well above the pre-1860s concentrations. The temporally coincident concentrations at the Col du Dome are smaller than at the CG and FH. The relative remoteness of the western end of the Alps from industrial regions and techniques for retrieving BC may explain the differences (28) . However, the Mer de Glace, in the valley immediately to the southwest from the Argentiere, experienced a similar abrupt retreat at 1860 (30) .
Below, we estimate the radiative forcings by these changes in BC loading and whether they were of sufficient magnitude to produce the pronounced negative glacier mass balance that began in the mid-19th century.
Scaling High-Altitude BC Concentrations to Ablation Zones Snowmelt in glacier ablation zones (elevations of 1,500-2,200 m before the glacier retreat began in earnest around 1860) (Fig. 1) completely removes each year's snow, eliminating the time series of deposition that is preserved in the high-elevation ice core sites. Consequently, we must infer aerosol loading in the ablation zones from higher-elevation ice core records and vertical scaling. Although we do not have ambient air-pollutant concentration data from the late 19th century, we argue by analogy to present day spatial distributions of anthropogenic pollution that the surface darkening and accelerated melting in the lower reaches of Alpine glaciers in the late 19th century would have been much greater than that indicated by the aerosol layers in the ice cores collected in the high-elevation sites.
Spatial patterns of combustion activity (and thus BC emissions) surrounding the Alps in the late 19th century were roughly parallel to those in the present period. This finding is confirmed at a continent-wide scale by the gridded historical emission patterns compiled by Bond et al. (24) . Large population centers and major concentrations of industrial activities are confined to the valleys of the Po, Rhone, and Rhine rivers and their tributaries. Past and present communication lines follow those river systems, and links between them generally follow connecting mountain passes used since the late Roman Empire.
Beginning in the mid-19th century, rail systems in and around the Alps paralleled existing roads. Rail systems eventually became more extensive than the preexisting road network by the building of tunnels and, more importantly, the synergistic growth of rail transport and the tourism industry in the Alps. Together, these two factors greatly expanded the human footprint in the region (31) (32) (33) , and consequently brought significant new emissions into close proximity with many of the regions' glaciers.
The most significant stationary pollution sources of the late 19th century were coal combustion for industry and coal and biomass fuels used for space heating (24) . Transportation emissions in the late 19th century were dominated by coal-fired steam locomotives (24) . Urban and industrial stationary combustion sources today are a mix of coal, petroleum, and natural gas with dramatically reduced emissions, with biomass heating restricted to smaller towns and rural areas. In transport, widespread electrification has nearly eliminated rail emissions, but a network of highways largely paralleling the rail corridors has replaced coaltransport emissions with motor vehicle exhaust. This similarity implies that modern air-quality patterns resemble past spatial distributions of air pollutants, and modern data can be used to infer past low-to midaltitude concentrations relative to the highelevation ice core sites.
Meteorological analysis of the dispersion potential in these valleys shows persistent local temperature inversions with stable to highly stable air very common (34) . Modeling studies indicate that upslope transport of pollutants is often blocked by downslope flow from above, especially if the upper slopes have a high albedo (as with snow or glacial ice), dispersing pollutants horizontally across the valley at that level. Pollutants generated outside the mountains may also be transported into the uplands and deposited there.
Spring and summer deposition to glacier ice is particularly important, as it occurs as the solar flux is peaking and as winter's protective cold (air temperature over the ice persistently below 0°C) is waning. In spring to summer, solar heating drives turbulent afternoon mixing over the Alps (35) , thus bathing the intermediate slopes (2-to 3-km elevation) of Alpine glaciers in local and regional aerosols at a time of year when deposited material will be exposed to sunlight on snow surfaces. With mixing to the highest altitudes limited by meteorological processes in winter, and only brief, intermittent exposure to the polluted boundary layer in summer, the highest terrain is effectively isolated from the magnitude of deposition that impacts glaciers at lower and middle altitudes.
Strong vertical gradients of pollution in alpine valleys are well documented (29, 34, (36) (37) (38) . Metals associated with sources in the Chamonix and Maurienne valleys (Al, Fe, Ti) sampled in fresh snow show vertical gradients of a factor > 10 from valley floor to mountain crest (36) . Observations using an instrumented aircraft show aerosol concentration gradients in excess of 30-1 between the valley floor and the surrounding peaks were observed in flight (37). Sulfate aerosols have vertical gradients in the Alps of two orders-of-magnitude in winter and about one order-of-magnitude in summer (29) .
At the snow surface, modern observations (1990s and 2000s) of BC concentrations in lower elevation snow (1,800-2,600 m) in the Alps confirm these gradients, with winter to spring means of ∼120 μg·kg −1 to nearly 500 μg·kg −1 (17) compared with the ice core concentrations of 7 μg·kg −1 before 1850 and compared with the peaks of 20-35 μg·kg −1 in the ice core record. These more recent concentrations were observed when BC emissions are markedly lower than during the peak emissions of industrialization.
The bulk of evidence suggests that aerosol concentrations and deposition loading below 2,000 m is one-to-two orders-ofmagnitude greater than above 4,000 m. Therefore, in the radiative-forcing calculations below, we bound the lower elevation radiative forcings with concentrations of 10-and 20-times the highelevation concentrations. Ten-times provides a lower bound, below which is highly unlikely, and 20-times a conservative upper bound.
Radiative Forcing
Measurements of snow spectral albedo, snow and ice energy balance, and glacier mass balance were not made in the Alps or anywhere else for that matter until well into the 20th century, with some isolated stake measurements of accumulation and ablation starting in the late 19th century (39) .
Therefore, we simulated radiative forcings from the increased late 19th century BC concentrations. We estimated snowmelt that would result from these radiative forcings and, by translating the BC radiative forcings into equivalent changes in atmospheric temperature, we can estimate anomalies in glacier mass balance with an established glacier model built on temperature and precipitation (16) . The lack of detailed meteorological data, irradiance data, and deposition time series would render a more physically based modeling exercise largely useless because of uncertainties in dominant assumptions.
We estimated monthly and annual surface radiative forcings by BC in snow at the ice core sites and in the snow ablation zones from the CG and FH black carbon concentrations using the snow, ice, and aerosol radiative model (SNICAR) (17) . The details of this modeling are provided in the Supporting Information. We bracket the radiative forcings and in turn estimate glacier mass balance with scenarios of scaling the ice core BC concentrations by 1-, 10-, and 20-times. We present the radiative-forcing differences from the respective mean background BC radiative forcings before 1850.
The increases in BC during the period 1850-1880 produced comparable magnitudes of radiative forcings between the two cores (Fig. 3) , with the increase at the CG coming earlier than the FH by ∼20 y (Fig. 2) , a difference that lies just at the edge of the relative uncertainties in dating of the two cores (Supporting Information). The radiative forcings in the accumulation zones where the ice cores were extracted reached 3 W·m −2 . The mean annual radiative forcings at the FH in the ablation zone scenarios (10-to 20-times) reached 13 W·m −2 by 1880, and 22-23 W·m −2 in the period 1910-1940 (Fig. 3A) . The CG mean annual radiative forcings in the ablation zone scenarios increased to 8-17 W·m −2 by 1880, and again to 9-18 W·m −2 by the 1970s (Fig. 3B) . At the CG ablation zone, the snowmelt season (April/ May/June, AMJ) radiative forcing peaked at 14-28 W·m Further forcing would have come from earlier heating of surrounding talus/rock surfaces from earlier loss of snow cover (14, 15) . These surfaces would heat rapidly because of their lower albedo and provide an additional long-wave emission to the snow surface and heating of the boundary layer, leading to increases in sensible heating of the snow and ice surfaces (14, 15) .
Influence on Simulated Glacier Mass Balance
We converted these forcings into mass of snow melted across the melt season AMJ. With the enthalpy of fusion of water at 0°C of 0.334 × 10 6 J·kg present, this is only possible to obtain by implementing an extensive measurement program to constrain the multitude of parameters necessary for modeling the spatial distribution of the surface energy fluxes. Although it is obvious that negative mass balance anomalies of the magnitude reconstructed here will eventually lead to negative glacier-length anomalies, a quantitative estimate of their timing and magnitude requires a large number of assumptions not inferable from existing environmental records, and so can only add qualitative uncertainty around the case for a strong influence of BC on glacier change. Based on the work of Oerlemans (41) and Kuhn (42) , we can translate changes in net shortwave radiation (radiative forcing by BC) into equivalent changes in free air temperature with respect to a common impact on glacier mass balance or move in equilibrium line altitude. These radiative-forcing equivalent changes in temperature are 10 and 18 W·m −2°C−1 , respectively (described in Supporting Information). We then use the monthly radiativeforcing equivalent change in temperatures (in the ablation zones, representing the glacier terminus) to perturb the glacier mass balance simulations of Marzeion et al. (13) .
With glacier terminus temperature and precipitation under conditions of no BC forcing, this model simulates well the annual glacier mass balance in the latter half of the 20th century on the Hintereisferner (13), with an uncertainty estimate (root mean squared error) of ± 0.30 m water equivalent for years outside of the calibration period, based on a cross validation. On glaciers without mass balance measurements, uncertainties are estimated to be ± 0.67 m water equivalent (13) . However, despite the accurate representation of glacier mass balance during the period of mass balance observations in the latter half of the 20th century, the climate-driven model does not exhibit the marked negative mass balance anomalies that would have been required to cause the range-wide decrease in glacier lengths that began around 1865 (Fig. 4) . This inability to find the necessary negative mass balance anomalies is consistent with the other modeling studies described above that were driven by temperature and precipitation (8) . As with those other studies, mass balance anomalies driven by temperature and precipitation alone in the period of 1850-1920 become increasingly positive (Fig. 4A) .
However, when perturbed by the BC radiative-forcing equivalent changes in temperature derived from the BC content in the CG and FH ice cores, modeled mass balance anomalies become increasingly negative, consistent with the mid-to late-19th century glacier retreat and consistent with lack of direct temperature or precipitation forcing. The mean cumulative negative mass balances across all glaciers and the two scenarios of 10-and 20-times concentrations are about −15 m water equivalent by 1900 and −30 m water equivalent by 1930 (i.e., approximately −0.5 m water equivalent per y), with magnitudes and timing consistent with the observed retreat (Fig. 4B) .
Different glacier geometries and ice dynamics cause a broad spectrum in length response to mass balance changes. However, volume-length scaling relationships (43) allow us to estimate the magnitude of a corresponding length change. For example, using these relationships, a thinning of 15-30 m of a glacier with an initial area of 10 km 2 translates to an eventual retreat of 1.6-3.0 km. Such a retreat would not occur instantaneously, and would be dampened by reduced mass loss once the lowest-lying ice is lost (44, 45) . Based on a linear model and accounting for the stabilizing effect of glacier retreat to higher altitudes, Roe (46) estimates the equilibrium length response of an idealized glacier similar (but smaller) in size to the glaciers investigated here to be −2.5 km for a mass balance anomaly of −2 m water equivalent per y , this would eventually translate to about 600-m length retreat and presumably more, given the sustained elevated magnitude of BC forcing above preindustrialization and the size difference between the idealized glaciers and the glaciers considered here. The observed retreats from ∼1860 to ∼1930 for the five glaciers shown in Fig. 1 were 670 m (Argentiere), 450 m (Unterer Grindelwald), 1,030 m (Hintereis), 670 m (Pasterze), and 1,590 m (Rhone). Even the minimum BC impact on glacier mass balance is outside of two SEs of the mass balance model most of the time on most glaciers. Therefore, BC very likely played a significant role in the glacier retreat.
Discussion
The magnitudes and timing of radiative forcing by BC in snow are consistent with the "additional features affecting the glacier's mass balance that are not captured well in the ambient climatic records," suggested by Huybrechts et al. (10) . Even the conservatively low forcing scenario described above indicates negative mass balance occurring with realistic timing. Radiative forcing by increasing deposition of BC is unique in explaining the Alps glacier retreat from the LIA in the mid-19th century while maintaining consistency with the temperature and precipitation reconstructions. The BC hypothesis is not refuted by any available records, or by the calculations presented here. This impact of BC on glacier mass balance in the Alps pushes our understanding of the onset of anthropogenic influence back further than CO 2 forcing alone would indicate. 
